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Abstract 
Headwater streams in the Ovens catchment, southeast Australia, have 3H activities between 1.63 and 2.45 TU that are lower than 
those of local rainfall (~3 TU). The variation of 3H activities and major ion concentrations with streamflow implies that simple 
dilution of older groundwater with rainfall during high flow does not occur. Rather different stores of water from within the 
catchment (e.g. from the soil or regolith) are mobilized during rainfall events. Mean residence times estimated using an 
exponential-piston flow model 12 to 36 years during summer baseflow and 6 to 14 years during recession from higher flows. A 
broad correlation between 3H activities and the percentage of rainfall exported from each catchment may reflect local differences 
in recharge and evapotranspiration; this correlation allows a broad prediction of likely residence times. These streams are 
buffered against rainfall variations on timescales of a few years; however, the impacts of changes to landuse or longer timescale 
changes to rainfall may take years to decades to manifest itself in changes to streamflow or water quality. 
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1. Introduction 
In many catchments the timescales over which rainfall is transmitted to streams is not well known1,2; this is 
especially the case for headwater catchments. Alluvial aquifers provides a long-term (years to thousands of years) 
store of water to many lowland rivers. By contrast, headwater streams are generally developed on indurated 
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sedimentary or crystalline rocks that may not host extensive groundwater systems. The observation that many 
headwater streams continue to flow over prolonged dry periods indicates that their catchments contain stores of 
water in soils, weathered basement rocks, or fractures with residence times of at least a few years3,4. However, the 
location of these stores is poorly understood as is whether different stores are active during high or low rainfall 
periods. Understanding the pathways and timescales of water movement through headwaters is an essential part of 
water management. Headwater streams may contribute a significant proportion of the total streamflow of river 
systems. Thus the water provided by the headwater streams is that which is eventually used for domestic use, 
agriculture, and industry. Many headwaters retain native vegetation; however, increasing population growth and 
economic development has seen progressive changes of landuse, including plantation forestry, agriculture, and urban 
development. The impacts of such development on headwater stream streamflow and chemistry are poorly 
understood. 
 It is also important to understand the first-order controls on residence times in headwaters. If the density of 
drainage is similar, residence times may scale to catchment area as groundwater flow paths will be longer in larger 
catchments. Differences in soil or regolith thickness and permeability impact recharge rates and the potential storage 
volumes, and may also exert some control on residence times in catchments. Differences in vegetation density and 
type which result in differences in transpiration may also be important. 
Tritium (3H) with a half-life of 12.32 years may be used to determine residence times of groundwater and surface 
water with ages of <100 years. 3H is part of the water molecule and its abundance in water is only affected by 
radioactive decay. The 3H input function in rainfall has a distinct peak (the “bomb pulse”) in the 1950s to 1960s due 
to the production of 3H in the atmospheric nuclear tests. Traditionally the propagation of the bomb pulse has been 
used to trace the flow of water recharged during this period. However, the bomb pulse 3H peak was several orders of 
magnitude lower in the southern hemisphere than in the northern hemisphere and has now largely decayed1,5. This 
permits residence times to be obtained from single 3H measurements which in turn allows the residence time of 
water contributing to streams at specific flow conditions to be determined.  
Here we use high-precision 3H data to estimate the residence time of water contributing to streams in the upper 
Ovens catchment at a variety of flow conditions. We also use major ion geochemistry in conjunction with 3H to 
assess the catchment response to rainfall.   
2. Setting 
The Ovens River is a perennial river in southeast Australia with headwaters that extend into the Victorian Alps. 
Headwater tributaries in the upper Ovens catchment occupy narrow steep-sided valleys in basement turbidites and 
granitic rocks. Alluvial flats up to 2 km wide are developed adjacent to the Ovens River in this area and in the lower 
reaches of the major tributaries. The alluvial flats are primarily cleared for agriculture, while the adjacent hills and 
mountains are covered by native eucalyptus and subordinate plantation forests. River water was collected from seven 
headwater sites with catchment areas 6 to 435 km2 and three reaches of the upper Ovens River with catchment areas 
ranging from 267 to 1240 km2. Sampling took place in four rounds in 2013 and 2014 at a variety of flow conditions, 
including at summer baseflow (February 2014) and during recession from high winter flows (July, 2014).  
3. Methodology 
Samples for 3H were distilled and electrolytically enriched prior to being analyzed by liquid scintillation counting 
using Quantulus low-level counters spectrometry at GNS, New Zealand6. 3H activities are expressed in tritium units 
(TU). The precision at a 3H activity of 3 TU is ±0.05 TU and the detection limit is ±0.025 TU. Cations were 
analyzed using a ThermoFinnigan ICP-MS at Monash University on samples that had been filtered through 0.45 μm 
cellulose nitrate filters and acidified to pH <2; precision is ±2%.   
4. Results 
3H activities vary from 1.63 to 2.45 TU (Fig. 1a). The highest 3H activities were recorded following higher winter 
streamflow (July 2014) and the lowest 3H activities were recorded at baseflow conditions during February 2014. A 
5 Ian Cartwright and Uwe Morgenstern /  Procedia Earth and Planetary Science  13 ( 2015 )  3 – 6 
17 month aggregate rainfall sample collected in late 2013 has a 3H activity of ~2.99 TU (Fig. 1a), which is within 
the expected range of 3H activities for modern rainfall in southeast Australia5. Additional periodic (3 to 5 month) 
rainfall samples have 3H of 2.6 to 2.8 TU (Fig. 1a). There is little correlation between 3H activities and catchment 
area (Fig. 1b). There is, however, a broad correlation between 3H activities and the runoff coefficient (the proportion 
of rainfall exported from the catchment by the stream); Fig. 1b shows this for the February baseflow sampling round 
and similar relationships are apparent at other times. In each catchment, there is a broad correlation between 3H 
activities and streamflow (Figs 1,2). Major ion concentrations in river water are inversely correlated to streamflow. 
For example, Na concentrations vary from ~5 mg/L at low streamflow to ~1.5 mg/L at higher streamflow and, the 
lowest Na concentrations are higher than those of local rainfall (~0.9 mg/L). 
 
Fig. 1a 3H activities vs. catchment area. 1b 3H activities (Feb 2014) vs. the runoff coefficient. 
 
 
Fig. 2. 3H activities vs. streamflow for two catchments. Shaded area depicts the 3H activities that result from dilution of groundwater (assumed to 
dominate streamflow at the baseflow conditions) with rainfall that has 3H activities as in Fig. 1a. Trends from other catchments are similar. 
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5. Discussion 
The variation of 3H activities with streamflow (Fig. 2) implies that there is not simple dilution of an older 
groundwater component with rainfall during high flows. Assuming that the stream at low streamflow is fed entirely 
by groundwater, dilution by rainfall with the range of 3H activities shown in Fig. 1a results in higher 3H activities 
than are observed. A similar conclusion may be drawn from the variation of major ion concentrations and 
streamflow. Rather the data imply that different stores of water from within the catchment (e.g. soil water, water 
from the regolith, or shallower groundwater) are mobilized during rainfall events. That the 3H activities are 
correlated with streamflow suggests that these stores of water have shorter residence times than the groundwater that 
contributes to the streams at baseflow conditions.  
Mean groundwater residence times were calculated using an exponential-piston flow model1,3 with a 75% 
exponential component and a 25% piston flow component which is appropriate for unconfined aquifers with vertical 
recharge through the unsaturated zone. The 3H activities for Melbourne5 were used as the input function with an 
assumption that the pre-bomb pulse 3H activity was the same as the modern rainfall (i.e., ~3 TU). Calculated mean 
groundwater residence times range between 6 and 29 years. The longest mean residence times are from the baseflow 
period in February 2014 and range from 10 to 29 years. Mean residence times from the high flow period (July 2014) 
are between 6 and 11 years. Similar results are obtained from other flow models. For the February 2014 samples, an 
exponential flow model yields mean residence times that range from 12 to 6 years while a dispersion model with a 
dispersion parameter of 0.1 yields mean residence times between 9 and 29 years. While there are differences 
between these estimates, it does not change the interpretation that the water contributing to the upper Ovens River 
has a mean residence time of several years to decades and that the mean residence time is longer during baseflow 
conditions. Additionally, there do not appear to be large stores of older groundwater contributing to the Ovens River 
from the alluvial sediments. 
There is little difference in the geology, soil type, vegetation or topography of the headwater sites implying that 
these are not factors which explain the variation in groundwater residence times. The volume of water per unit area 
of catchment exported via the river system (Fig. 1b) reflects the proportion of rainfall that is exported by each 
stream. Evapotranspiration during recharge is a dominant hydrological process in southeast Australia and the 
variations in the volume of water exported likely reflect differences in recharge and evapotranspiration rates 
between catchments. While there is little gross difference between vegetation across the catchments, subtle 
differences in soil type, vegetation density, or regolith thickness may impact recharge rates. In catchments with 
lower recharge rates, the infiltrating water may be retained in the soils and shallow regolith longer and thus 
undergoes higher degrees of transpiration and evaporation (and vice versa). This results in smaller volume stores of 
relatively old water contributing to the rivers. Regardless of the cause, the correlation between water export and 3H 
activities allows a first-order estimation of likely residence times in similar catchments to be made.  
The observation that the water contributing to the headwater streams in the Ovens catchment has a mean 
residence time of several years implies that these streams are buffered against rainfall variations on timescales of a 
few years (and most of these streams continued to flow through the 1996-2010 Millennium drought). However, the 
impacts of any changes to landuse in these catchments or longer-term rainfall changes may take years to decades to 
manifest itself in changes to streamflow or water quality. 
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